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(54) Title: COMPOSITE PHOTONIC CRYSTALS 




(57) Abstract 

A composite photonic (band gap) crystal structure comprising a guide crystal (for trapping or guiding light) configured in a plane 
having a dielectric periodicity in at least a first direction in the plane; and barrier crystals configured above and below the guide crystal 
to confine light within the guide crystal, the barrier crystals having a dielectric periodicity in at least a second direction not in the plane. 
In another embodiment, there is provided a composite photonic crystal structure comprising a guide ciystal configured in a plane having a 
dielectric periodicity in at least one dimension; and a hairier ciystal configured adjacent the guide crystal to confine light within the guide 
crystal, the barrier crystal having a dielectric periodicity in at least two dimensions. 
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COMPOSITE PHOTONIC CRYSTALS 

SPONSORSHIP INFORMATION 
This invention was made with government support under Grant No. 9400334- 
5 DMR awarded by National Science Foundation. The government has certain rights in the 
invention, 

BACKGROUND OF THE INVENTION 
The invention relates to photonic crystals, and in particular to composite photonic 
crystals comprising one- and two-dimensionally periodic photonic crystals. 

1 0 The development of photonic crystals, structures with band gaps that prevent the 

propagation of light in a certain frequency range, has led to proposals of many novel 
devices for important applications in lasers, opto-electronics, and communications. 
Among these devices are high-Q optical filters, waveguides permitting tight bends with 
low losses, channel-drop filters, efficient LEDs, and enhanced lasing cavities. All of 

15 these devices, however, require the fabrication of photonic crystals allowing confinement 
of light in three dimensions. Moreover, the length scale of the features in a structure must 
be on the order of microns in order to control light of wavelengths typical in opto- 
electronics and other applications. 

It is therefore desirable to obtain quasi-3D photonic crystals that approximate the 
2 0 most desirable properties of true three-dimensionally periodic crystals, but are potentially 
much easier to fabricate since they are composed of lower-dimensionally periodic 
components. The most straightforward way of achieving a photonic crystal in three 
dimensions is to utilize a structure with a true three-dimensional band gap. Here, light 
whose fi-equency is in the band gap cannot propagate in any direction through the crystal. 
25 Such a structure has been described in U,S. Pat* Nos. 5,440,421 and 5,600,483, of 
common assignee, and much effort has been expended in attempting to construct it. 
Fabrication of this and other true 3D structures has proved difficult, however, due to the 
complicated three-dimensional connectivity of these crystals and their extreme sensitivity 
to inter-layer alignment. 

30 An alternative approach that has been successfiilly applied is to take a one- or two- 

dimensionally periodic photonic crystal and to truncate it in the second and/or third 
dimensions using index confinement, classically known as total internal reflection (TIR), 
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In another embodiment, there is provided a composite photonic crystal structure 
comprising a guide crystal configured in a plane having a dielectric periodicity in at least 
one dimension; and a barrier crystal configured adjacent the guide crystal to confine light 
within the guide crystal, the barrier crystal having a dielectric periodicity in at least two 
5 dimensions* 

These and other objects, features and advantages of the present invention will 
become apparent in light of the following detailed description of preferred embodiments 
thereof, as illustrated in the accompanying drawings* 

10 

TOTKF DESCRIPTION OF THE DRAWINGS 

FIGs. 1 A-IC are block diagrams of composite photonic crystals in accordance with 
the invention; 

FIG. 2 is block diagram of a hybrid quasi-3D/TIR photonic crystal structure; 
1 5 FIG. 3 is a block diagram of a guide crystal of the invention including an (infinite) 

two-dimensional slab consisting of a square lattice of dielectric rods in air; 

FIG. 4 is a plot of the band structure for the 2D square lattice of rods of FIG. 3; 
FIG. 5 is a plot of a band structure for a possible Bragg mirror, folded according 
to the periodicity of the guide crystal and projected onto the guide's 2D Brillouin zone; 
20 FIGs. 6A and 6B are plots of projected band structures for square lattice of 

truncated rods in air for heights of 0.6a and L6a, relative to the horizontal lattice constant 
a; 

FIG. 7 is a graph of an abstract band structure for a defect state in the guide 
crystal, indicating the states in the light cone that it can couple to; 

25 FIG. 8 is a plot of the band structure of a square lattice of rods sandwiched 

between two Bragg mirrors, effectively a composite quasi-3D photonic crystal; 

FIG. 9 is a block diagram of a composite photonic crystal 900 in accordance with 
the invention; 

FIGs. lOA and lOB are cross sections of a point defect state in a quasi-3D photonic 
3 0 crystal including a defect rod in accordance with the invention with the component of the 
electric field parallel to the rods; 
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which includes a two-dimensionally periodic guide crystal 110 bounded by two- 
dimensionally periodic barrier crystals 112,114. FIG. IC is a block diagram of a 
composite photonic crystal 1 16 which includes a one-dimensionally periodic guide crystal 
118 bounded by a two-dimensionally periocBc barrier crystal 1 19. 

FIG- 2 illustrates a block diagnun another embodiment of the mvention, in which 
a barrier crystal 202 is used to confine light in some directions of a guide crystal 204, and 
TIR to confine it in others, producing a hybrid structure 200. Essentially, it is desirable 
to match the gap frequencies of the various photonic crystals making up the quasi-3D 
structure. Each gap prevents the propagation of light in a particular direction, and when 
combined they can form a quasi-gap that imperfectly confines light in all directions. 
Thus, approximate confinement of light modes in a point defect may be obtained. 
Additionally, it is possible to achieve perfect confinement of light in a one-dimensionally 
p^odic line defect. 

Since the guide and barrier crystals consist of only one^ or two-dimensionally 
periodic dielectric variations, fliey are relatively simple to manufacture compared to true 
three-dimensionally periodic structures. Furthermore, no special alignment is required 
between the different crystals, reinforcing the ease of fabrication of such devices. 

Ideally, it is useful to think of the tight in a 2D guide crystal as if it were 
propagating in the true two-dimensional system, which is easily studied and understood, 
and for which extensive theoretical results exist* Alfliough the two-dimenaonal picture 
fails when it comes to quantitative results, its qualitative predictions still have strong 
analogues in the quasi-3D system. The two-dimensional model thus provides a simple 
guide to our intuition in understanding and designing quasi-3d systems. 

The design of an actual quasi-3D composite photonic crystal structure that is 
shown to confine tight with a high Q factor wiU now be described. The bulk of the design 
is done by analy2ang each component of the structure independentiy, which allows for 
rough tuning of thdr characteristics using simple systems. Next, they are combined and 
die resulting structure is shown to have the desired properties. Finally, a large number 
of parameters result which may be tuned to further enhance the system. Most of tiie 
theoretical analysis of die crystal is done in terms of the light modes that can exist within 
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on the perimeter of the irreducible Brillouin zone, as shown in the figure. The shaded 
regions indicate possible light modes in the Bragg crystal. These modes are not confined 
in any way, and so coupling with the shaded regions must be prev^ted in order to create 
guided modes. Thus, it is desirable to work in the unshaded regions in the envelope of 
5 Bragg states; these regions will be refened to hereinafter as '"bubbles". If states can be 
created inside these bubbles, they will be guided (they won*t be able to couple with any 
states in the barrier crystals). Then, from these guided states modes will be created that 
are localized (albeit imperfectly) in both the guide and the barrier crystal-point defects. 

Clearly, there are many possible choices of bubbles to work in-potentially , any of 
10 the bubbles can be used, d^nding upon the lequirements of the system. In this example, 
attention will be focused on the bottom-most bubble, which corresponds to index 
confinement. In order to work in this bubble, the average dielectric constant in the barrier 
crystals must be made lower than that in the guide crystal. To do this, it will be assumed 
that the Bragg mirrors are made out of layers of silicon dioxide (with a dielectric constant 
15 of 2.1) and some other material with an £ of LO. If the Bragg gap is maximized, this 
leads to an average dielectric constant of 1.4488 in the barrier crystals, versus an s of 2.33 
in the guide crystal. Although the bottom bubble is purely an index confinement effect, 
there are also two bubbles on the sides, due to the band gap in the Bragg crystal, which 
will be taken advantage of. However, the discussion of these bubbles will be postponed 

2 0 until the guide crystal has been analyzed. 

The guide crystal is based upon the 2D lattice of rods whose band structure is 
given in FIG. 4. When we the rods are truncated (in air, with no barrier crystals yet), this 
2D band structure is essentially sandwiched into the light cone, consisting of modes that 
can propagate in the empty air. FIGs. 6A and 6B are plots of projected band structures 
25 for square lattice of truncated rods in air for heights of 0,6a and L6a, relative to the 
horizontal lattice constant a. The shaded region is the light cone. The bands under the 
light cone are guided modes, and are trapped in the plane of the rods because they cannot 
couple with modes propagating through the air. The TE and TM polarizations in 2D now 
become odd and even gui<fed modes (with respect to the plane of symmetry). Just as there 

3 0 was a gap for TM modes in 2D, there is a gap for odd guided modes in this structure. By 

adjusting the rod height to between one and two times the horizontal lattice constant, it 
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guided modes is aligned with the side bubbles caused by the band gap in the Bragg 
mirrors. This allows for the creation of high Q defect modes in the guide crystal. 

FIG. 9 is a block diagram of a composite photonic crystal 900 in accordance with 
the invention. The photonic crystal 900 includes a square lattice of rods 902 with a lattice 
5 constant a. The rods have a radius of 0.2a, a dielectric constant of e=l L56, and a height 
of L7a. The rods are sandwiched between a pair of Bragg mirrors 904,906, Each of the 
Bragg minors includes alternating first 908 and second 910 layers. The first layers have 
a width of 0*834a and a dielectric constant g=LO. The second layers have a width of 
0.574a and a dielectric constant e^2*L 

1 0 Now that the quasi-3D composite photonic crystal is configured, creating a defect 

state is relatively easy. For example, changing the size and/or dielectric constants of one 
or more of the rods will create a defect state. If the dielectric constant of one of the rods 
is decreased (or, equivalently, decrease its radius), a defect state arises. FIGs. 10 A and 
lOB are cross sections of a point defect state in a quasi-3D photonic crystal 1000 including 

15 a defect rod 1002 in accordance with the invention with the component of the electric field 
parallel to the rods- FIG. lOA is a side view in a plane intersecting the axis of the defect 
rod* FIG, lOB is a top view in a plane bisecting the axis of the defect rod. The high 
spatial locality and its similarity in cross section to the corresponding defect state in the 
pure two-dimensional system of FIG. 1 1 will be noted. FIG. 1 1 is a top view of a point 

20 defect state in a true two-dimensional system 1100 (square lattice of rods). The 
component of the electric field parallel to the rods is shown (TM mode). 

It turns out that one can achieve a higher Q (slower rate of leakage) by having a 
more delocalized state that is only a small perturbation on the original crystal- In this 
case, this is accomplished by changing flie didectric constants of 5 rods in •'plus" pattern 

25 from 11.56 to 9- This yields a defect state with a Q of 1882. 

Compare this to the system with the Bragg mirrors replaced by a material with the 
same average dielectric constant. The configuration has the same band structure, except 
that it doesn't have the two **bubbles" on the sides since there is no Bragg gap. The 
resulting system depends solely on index confinement to prevent light from escaping 

30 perpendicular to the guide crystal. When the same defect is made, it is found that the 
resulting Q is 1300. Thus, the addition of the Bragg "bubbles** on the side from the 
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interact with any state in the band structure that has the same frequency as it A line 
defect, since it has a k, cannot interact with states having a different k. The foregoing 
restriction permits us to create a state that interacts with nothing else and thus cannot 
escape, 

5 A line defect can be created, for example, by slightly decreasing die dielectric 

constants of a horizontal line of rods. In this case, the band structure is projected onto the 
G-X direction, and is shown in FIG* 12, FIG. 12 is a plot of the band structure of a 
quasL-3D composite photonic crystal projected onto the T-X direction, and is the 
framework in which a line defect can be created. The rod height is slighfly different than 

10 in the structure of FIG. 8. From the plot, it is shown that the gap in the guided mode 
remains, and in this gap the line defect creates a band of localized states* 

These states are localized in only the two directions perpendicular to the 
waveguide, and consist of modes that propagate along the defect FIGs. 13A and 13B 
are side view and top view cross sections, respectively, of a line defect state in a quasi-3D 

15 composite photonic crystal 1300. The defect state is shown in a 5x1 cell, and it is 
extended in the direction shown* 

Although light may be perfectiy confined in a line defect, even in the quasi-3D 
structure, this is no longer true as soon as a bend is introduced, as in the structure shown 
in FIG* 14< FIG. 14 is a block diagram of a quasi-3D composite photonic crystal 1400, 

2 0 similar to the structure of FIG . 9, having a line defect 1402 with a bend positioned in a 

square lattice of rods 1404, and barrier crystals 1406. The defect rods can have, for 
example, a different dielectric constant as in FIG. 13, or a different radius. At a bend, 
light can escape, and the degree of confmement is related to the Q of point defects in the 
same structure. Since quasi-3d composite photonic crystals permit high-Q point defects, 
25 it will be possible to maintain good confinement in waveguides with sharp bends. 

Although the present invention has been shown and described with respect to 
several prefOTcd embodiments thereof, various changes, omissions and additions to the 
form and detail thereof, may be made therein, without departing from the spirit and scope 
of the invention. 

3 0 What is claimed is: 
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4 a barrier aystal configured adjacsent said guide crystal to confine light within said 

5 guide ciystal, said barrier crystal having a dielectric periodicity in at least two dimrasions. 

1 10, The structure of claim 8. wherein said guide crystal and said barrier crystal have 

2 respective photonic band gaps that are aligned to define a partial thrce^imensional 

3 photonic band gap. 

1 1 L The structure of daim 9, wherein said guide crystal comprises a two-dimensionaUy 

2 periodic photonic crystal. 

1 12. The structure of claim 9, wherein said barrier crystals comprise a two- 

2 dimensionally periodic photonic crystal* 

1 13. The structure of claim 9, wherein said guide crystal comprises a one-dimensionally 

2 periodic photonic crystal. 

1 14. The structure of claim 9, wherein said barrier crystals comprise a dielectric 

2 periodicity in at least a second direction orthogonal to said plane. 
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